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Potassium channels function in eukaryotes and prokaryotes as selective transport proteins for passive K + movement across membranes (1) . Common to virtually all known K + channels is a pore domain with eight highly conserved amino acids, TXXTXG(Y/F)G (2, 3) . In a functional channel, four subunits surround a pore in which these residues form the selectivity filter (4) .
Sequence analysis of the 330-kb dsDNA genome of the plaque-forming chlorella virus PBCV-1 (family Phycodnaviridae) (5) identified a short amino acid sequence in a small ORF (ORF A250R) which resembles the pore domain of K + channel proteins. ORF A250R is predicted to encode a peptide of 94 amino acids (referred to as Kcv) with an isoelectric point of 8.7 and a molecular weight of 10.6 kD ( Figure 1A ). Hydropathy analysis of Kcv reveals two putative transmembrane domains ( Figure  1B ) separated by 44 amino acids that contain the K + channel signature sequence TXXTXGFG ( Figure 1A , amino acids 60 through 67) (2) . The 26 amino acids surrounding this motif display, on average, 61% similarity and 38% identity to the pore domains of many K + channel proteins ( Figure 1C ). Two structurally important aromatic amino acids are also conserved in the NH 2 -terminal portion of the Kcv pore domain. In the bacterial channel KcsA, two W residues (amino acids 67 and 68 in Figure 1C ) are part of a structure that acts as a cuff, keeping the pore open at the appropriate diameter for K + passage (6) . In Kcv as well as in several other K + channel proteins, aromatic Y or F residues replace these residues ( Figure 1C) .
In contrast to the putative pore domain, the amino acid sequences of the two Kcv transmembrane domains differ markedly from other K + channels. A phylogenetic comparison with eukaryotic Kir, Kv, and tandem K + channels, Abstract: The large chlorella virus PBCV-1, which contains double-stranded DNA (dsDNA), encodes a 94-codon open reading frame (ORF) that contains a motif resembling the signature sequence of the pore domain of potassium channel proteins. Phylogenetic analyses of the encoded protein, Kcv, indicate a previously unidentified type of potassium channel. The messenger RNA encoded by the ORF leads to functional expression of a potassium-selective conductance in Xenopus laevis oocytes. The channel blockers amantadine and barium, but not cesium, inhibit this conductance, in addition to virus plaque formation. Thus, PBCV-1 encodes the first known viral protein that functions as a potassium-selective channel and is essential in the virus life cycle. and two prokaryotic K + channel families (7), places Kcv as an independent cluster, indicating significant sequence deviation ( Figure 1D ). Another unusual feature of Kcv is its short (12 amino acids) cytoplasmic NH 2 -terminus containing a consensus protein kinase ck2 phosphorylation site ( Figure 1A , amino acids 9 through 12). The COOH-terminus of the Kcv protein is part of the second transmembrane region; Kcv thus appears to lack a COOH-terminal cytoplasmic tail. These structural data and the phylogenetic analysis suggest that Kcv represents a very primitive K + channel. This notion is supported by phylogenetic analyses of another viral protein that place the DNA polymerases from Phycodnaviridae near the root of all eukaryotic DNA polymerase delta proteins (5). This indicates that at least some PBCV-1-encoded proteins have long evolutionary histories.
To determine if Kcv functions as an ion channel, we expressed the protein in Xenopus oocytes (8) . At 36 hours after Kcv mRNA injection, oocytes exhibited distinct currents in voltage clamp assays (9) which differed quantitatively and qualitatively from control oocytes (Figure 2 , A and B) (10). At voltages of +60 and -140 mV, average steady-state currents of Kcv mRNA-injected oocytes exceeded those of water-injected ones by factors of 8.6 and 8.2, respectively (11). The conductance introduced by Kcv mRNA injection consisted of an instantaneous and a time-dependent component ( Figure 2A ). The instantaneous I/V relation deviated from linearity by decreasing at extreme hyperpolarizing and depolarizing voltages. The time-dependent current activated and deactivated at negative and positive voltages, respectively. Figure 2B shows the instantaneous (I i ) and steady state-current (I ss ) from Kcv mRNA-injected oocytes and the steadystate component of water-injected oocytes as a function of voltage.
The selectivity of Kcv-mediated conductance was determined by obtaining I i /V relationships at 2, 20, and 50 mM KCl ( Figure 2C ). Lowering the external K + concentration (K + 0 ) caused the current reversal voltage (V r ) to shift to more negative voltages and the inward current to decrease. Plotting V r versus K + 0 in a Nernst plot yielded a slope of 60.0 mV per decade ( Figure 2E ). Figure 2D shows the time-dependent deactivation of the current following activation at a conditioning voltage of -160 mV. The current reversed at -20 mV, a value close to the reversal of I i . This result was confirmed at all K + 0 values investigated ( Figure 2E ). Taken together, these analyses show that Kcv is a channel that conducts K + ions.
The cation selectivity of Kcv-mediated conductance was examined by replacing KCl with NaCl in the bath solution. Both the time-dependent and instantaneous currents were strongly depressed (Figure 3) . Furthermore, V r shifted negative by 68 mV, indicating that the Kcv-mediated conductance prefers K + over Na + ions. The P K /P Na permeability ratio from n = 10 I/V relations was 9.32 (12). Current reduction at positive voltages suggests an inhibitory effect of Na + on the K + outward current.
These results indicate that Kcv forms a K + -selective channel in oocytes (13). Kcv is the smallest K + channel protein known, primarily because of its short NH 2 -and COOH-termini. The NH2-and COOH-terminal domains of other K + a Potas s i u m C h a n n e l P r o t e i n en C o d e d b y C h l o r e l l a Vi r u s P bCV-1 1643 channel proteins contribute to pore assembly and voltage sensitivity (14) . Despite lacking these domains, Kcv displays several distinct properties with moderate voltage-sensitivity including (i) a decrease in I i near both voltage extremes, (ii) a hyperpolarization-induced time-dependent activation, and (iii) a depolarization-induced time-dependent decrease of the conductance (Figure 2, A and B) .
Oocytes expressing Kcv were exposed to amantadine, an antiviral drug which at concentrations < 1 μM inhibits the influenza virus M2 protein (15) . Amantadine inhibited the Kcv-mediated conductance ( Figure 4A) . Inhibition of I i was voltageindependent ( Figure 4A, lower panel) . To quantify inhibition, we measured the effect of amantadine on the physiologically relevant steady-state current: At +60 and -140 mV, I ss was half-inhibited by 2 and 0.8 mM amantadine, respectively (16) . Thus, the effective concentration is about three orders of magnitude higher than required to inhibit M2. Amantadine inhibition of Kcv-mediated conductance reversed within minutes after removal of the drug. In contrast, amantadine inhibition of M2 is essentially irreversible (15) . These results, together with the fact that the two viral-encoded proteins have little or no structural similarity, suggest that amantadine inhibits the Kcv and M2 proteins by different mechanisms (17) .
Kcv-mediated conductance was also exposed to the typical K + channel blockers Cs + and Ba 2+ . Addition of 10 mM CsCl had only modest effects on the Kcvmediated conductance. The inward current at -140 mV was inhibited by 9 ± 4%, whereas the outward current at +60 mV was unaffected (n = 4 oocytes). In contrast, Ba 2+ reduced the Kcv-mediated conductance in a voltage-dependent manner ( Figure 4B ) (18) . This behavior supports the hypothesis that Ba 2+ blocks inward current in K + channels after being drawn into the pore by negative voltage (19) .
A plaque reduction assay (20) was employed to determine the importance of Kcv to virus replication (21) . Amantadine inhibited PBCV-1 plaque formation by 50% at 2.8 ± 0.2 mM (n = 4) (16) , that is, at approximately the same millimolar concentration that affected the Kcv-mediated conductance ( Figure 4C ). Plaque formation was also inhibited 50% by 2.6 ± 0.16 mM Ba 2+ (n = 3), a concentration sufficient to abolish Kcv inward current. Cesium (10 mM) had no apparent effect on PBCV-1 replication. These results, together with the finding that the Kcv gene is expressed early after virus infection (22) indicate that PBCV-1 replication depends, in a yet unknown manner, on a functional Kcv channel.
In conclusion, chlorella virus PBCV-1 encodes a functional K + channel protein, Kcv, which is important for virus replication. Prior to this study, only four virusencoded proteins were thought to have ion channel activities: influenza virus A M2 protein, influenza virus B NB protein, and the human immunodeficiency virus proteins Vpu and Vpr (23) . PBCV-1 is the first virus known to encode a K + -selective channel. Because of its exceptionally small size, Kcv may become a useful tool to study basic principles of channel assembly and function.
(about 2 ml min -1 ) containing 50 mM KCl, Figure 2E ), respectively. 13. However, the possibility exists that Kcv functions as a subunit, which up-regulates the activity of endogenous K + channels in oocytes. To exclude this possibility, we constructed a site-specific mutation in the selectivity filter sequence of Kcv by replacing Phe 66 (F66) with Ala (A). If Kcv is a channel protein, the mutant protein should, by analogy to the Shaker channel, form a channel unable to conduct K + cur-
